This in vitro study investigated whether restoration materials and adhesives influence secondary caries formation in gaps using a short-term in vitro biofilm model. Sixty enamel-dentin blocks were restored with 6 different restoration materials with or without adhesives (n = 10 per group) with a gap: 1) Clearfil AP-X composite, 2) Clearfil AP-X composite + SE Bond, 3) Clearfil AP-X composite + ProtectBond, 4) Filtek Silorane composite, 5) Filtek Silorane composite + Silorane System adhesive, or 6) Tytin amalgam. Specimens were subjected to an intermittent 1% sucrose biofilm model for 20 days to create artificial caries lesions. Lesion progression in the enamel-dentin next to the different materials was measured in lesion depth (LD) and mineral loss (ML) using transversal wavelength independent microradiography (T-WIM). A regression analysis was used to compare the LD and ML of the different restoration materials at 4 measurement locations: 1 location at the surface of the enamel, 1 location at the wall of the enamel, and 2 locations at the wall of the dentin. A statistically significant effect of AP-X composite with Protect Bond was found for LD and ML at the WallDentin1 location, leading to less advanced wall lesions. An additional finding was that gap size was also statistically significant at the 2 wall locations in dentin, leading to increasing lesion progression with wider gaps. In conclusion, adhesives can influence wall lesion development in gaps. Protect Bond showed significantly less caries progression compared to bare restoration materials or other adhesives in this short-term in vitro biofilm model.
Introduction
Because most clinical studies show more secondary caries development for composite restorations than for amalgam restorations in high-caries-risk patients (Bernardo et al. 2007; Soncini et al. 2007; Opdam et al. 2010; Kuper et al. 2012) , secondary caries has often been related to the restorative material used.
Restorative materials may influence secondary caries development in several ways. Differences in the bacterial colonization and/or retention of restorative materials may play a role. It has been reported that composite and ceramic materials show thicker biofilms than glass ionomers (de Fucio et al. 2009 ). Some materials can release ions with cariostatic properties that may reduce caries development through inhibition of bacterial growth. Amalgam, for instance, releases cariostatic agents, such as Ag, Cu, and Zn ions (Nunez et al. 1976; Orstavik 1985; Morrier et al. 1998 ). Other materials, like glass ionomer cement, release fluoride, which enhances remineralization. In vivo plaque studies have shown that levels of lactic acid-producing bacteria in the plaque present on restoration surfaces are significantly higher on resin composite restorations than on either amalgam or glass ionomer (Svanberg et al. 1990; Hansel et al. 1998; Zalkind et al. 1998) .
To counteract secondary caries, manufacturers of restorative materials developed new materials with other properties. Silorane-based composites show lower polymerization shrinkage (Lien and Vandewalle 2010) and lower quantity of adhering streptococci compared with methacrylate-based composites in vitro (Buergers et al. 2009 ). Also, adhesives have been developed with the promise of having anticaries properties through the presence of an antibacterial monomer (e.g., 12-methacryloyloxydodecylpyridinium bromide [MDPB]; Imazato et al. 1994 Imazato et al. , 1999 . In a recent in situ study evaluating secondary surface caries development next to different restoration materials with optimal adhesion and adaptation, it was shown that a microhybrid composite bonded with an MDPB adhesive showed less mineral loss than amalgam (van de Sande et al. 2014) .
Secondary caries is also thought to be influenced by the marginal seal of the restoration, with a good marginal seal considered a protection against secondary caries. The marginal seal may depend on many factors, such as the site or extension of restoration, matrix placement, skills of the operator, moisture control, and amount of polymerization shrinkage. Composite placement is a more techniquesensitive method than placement of amalgam or glass ionomer, and composite shows polymerization shrinkage. Therefore, it is suspected that composite may also be more susceptible to secondary caries due to the presence of restoration gaps. In a recent in situ study (Kuper et al. 2014) , it was observed that in gaps with a minimum width of 68 µm (and wider), wall lesions were able to develop.
Many studies have investigated the anticaries effect of different restorative materials with a good marginal seal; however, there is no literature showing the influence of different materials when the marginal seal is lacking due to defects or gaps at the interface. Because marginal degradation has been demonstrated to increase with time (Dickinson et al. 1993; Wendt and Leinfelder 1994) , this is very clinically relevant. Moreover, most studies evaluating the effect of gaps on caries development have studied restorative materials without adhesive layers, and the effect of the adhesive is unclear.
Therefore, this study investigated whether different restoration materials and adhesives influence secondary caries formation in gaps using a short-term in vitro biofilm model.
Materials and Methods

Preparation of the Samples
Dentin-enamel block samples (3.2×3.2×2.0 mm; n = 60) were cut from bovine incisors and polished with 800 grit paper (Siawat, Abrasives, Frauenfeld, Switzerland) ( Figure  1 ). Block samples (3.2×3.2×2.0 mm) of the following restoration materials were made:
Clearfil AP-X composite (Kuraray Medical Inc., Okayama, Japan) (n = 10) Clearfil AP-X composite + SE Bond (Kuraray) (n = 10) Clearfil AP-X composite + Protect Bond (Kuraray) (n = 10) Filtek Silorane composite (3M ESPE, St. Paul, MN, USA) (n = 10) Filtek Silorane composite + Silorane System adhesive (3M ESPE) (n = 10) Tytin amalgam (Kerr Corporation, Orange, CA, USA) (n = 10)
The composite resin materials were condensed in a putty mold of 3.2×3.2×2.0 mm and light cured for 20 s. If the complete adhesive system (primer + bonding) was used in combination with the composite, the primer was applied first (and cured, if necessary, according to the manufacturer's instructions) in the mold and subsequently the bonding, resembling the clinical situation with primer toward the side of the tooth substrate. The amalgam material was mixed for 17 s and condensed in the mold with a mechanical condenser (Amal-Pak, JR Rand Corporation, Freeport, NY, USA). Excess material of the amalgam blocks was removed by grinding it with 800 grit paper 1 day after setting. First, the enamel-dentin blocks were mounted plan parallel on polystyrene bars (Stripstyrene, Item No. 176, .100 × .125 ", Evergreen scale models, Kirkland, WA, USA) of 3.2×2.5×15 mm with flowable composite (GrandioSO Flow, Voco, Cuxhaven, Germany). Then, the samples were secured in a small vice bench. In the vice bench, a matrix of 200 µm was placed perpendicularly. With the matrix in place, the restoration blocks also were mounted on the polystyrene bars with flowable composite, with the aim to create a fixed gap of about 250 µm between the restoration material and the enamel-dentin block; see Figure 1 . For the purpose of the microradiographical method used, utmost care was taken to position the top surface of the enamel and the interface surface in such a way that when placed in the microradiography holder, they were parallel to the central ray of the X-ray beam.
Sterilization of the Samples
Samples were kept moist in deionized distilled water, individually sealed within thin plastic films, and placed into thin plastic bags. Subsequently, the samples were placed at 3 cm from the radiation source and sterilized with gamma irradiation from a cobalt-60 source with particle energies of 1.25 MeV and submitted to 533.53 Gy/min, with a total dose of 4.08 KGy (Theratronics, Eldorado 78, Best Theratronic LTDA, Ottawa, ON, Canada). The sterilization procedures were carried out at the Regional Center of Oncology/Radiotherapy Service, Faculty of Medicine (Federal University of Pelotas, Pelotas, RS, Brazil).
Biofilm Model
The specimens were subjected to the biofilm model described by van de Sande et al. (2011) . Human saliva was used as the inoculum, and the enamel-dentin blocks were the substratum. The nutrient growth medium used for the experiment was a chemically defined medium enriched with mucin (DMM), pH 6.8 (Wong and Sissons, 2001) . Biofilms were grown under intermittent sucrose exposure.
For the experiment, fresh stimulated saliva was collected from one healthy subject (male, aged 34). Saliva was collected in the morning (during fasting), and the volunteer abstained from oral hygiene for 24 h prior to collection. The sterilized specimens were transferred aseptically into sterile wells (24-well tissue culture plate [TPP], Techno Plastic Products, Trasadingen, Switzerland), and 0.4 ml homogenized saliva was dripped into each gap of the specimens. After 1 h incubation at 37°C, the saliva was aspirated and 2.2 ml of DMM 1% sucrose was added. After 6 h, the growth medium was replaced for DMM without sucrose. DMM renewal was performed until the end of the experiment, alternating medium with (6 h) and without sucrose (18 h). The biofilms were incubated anaerobically with increased CO 2 by using the Anaerobac ® system (Probac do Brasil produtos Bacteriológicos Ltda, Santa Cecília, SP, Brazil) in anaerobic jars for up to 20 days at 37°C without shaking.
Transversal Wavelength Independent Microradiography (T-WIM)
T-WIM pictures of the specimens were made at baseline (T0) and after 20 days (T20) using the method of Thomas et al. (2006) . The settings for the microradiography were 60 kV, 30 mA at an exposure time of 8 s. A step wedge with the same absorption coefficient as tooth material (a 94% Al-6% Zn alloy) was used for proper quantitative measurement of lesion depth (LD) and mineral loss (ML).
Film Processing and Image Measurements
After exposure, the films were developed (10 min), fixed (7 min), rinsed, and dried. A digital image of each sample was recorded with a light microscope (Leica Microsystems, Wetzlar, Germany) with a magnification of 10× and a complementary metal oxide semiconductor camera (Canon EOS 50D, Tokyo, Japan). Microradiographs were quantitatively assessed for the presence of wall lesions and surface lesions. A lesion with a progressing front parallel to the outer surface of the tooth sample was considered an outer surface lesion. A wall lesion was defined as a lesion progressing perpendicularly to the tooth-restoration interface. LD and ML for T-WIM were defined as the distance on the microradiograph between the thresholds of 8 and 78.3 vol.% mineral for enamel and between 8% and 43.2% mineral for dentin (Thomas et al. 2006) . Each sample was measured at 4 locations using a software program developed in our laboratory (see Figure 2 ):
• • Location Surface, surface lesion in enamel: at 400 µm distance from the tooth restoration gap • • Location Wall Enamel, wall lesion in enamel: 200 µm above the enamel-dentin junction (EDJ) • • Location Wall Dentin1, wall lesion in dentin: 200 µm below the EDJ • • Location Wall Dentin2, wall lesion in dentin: 800 µm below the EDJ Baseline measurements (T0) were subtracted from measurements after 20 days (T20) to estimate true lesion depth and mineral loss at T20. The subtracted values were used in the statistical analysis. From previous experience, we knew that gaps made under standardized circumstances may still vary in size, so gap sizes were measured on the baseline T-WIM picture.
Statistical Analysis
A regression analysis was used to compare the LD and ML of the different restoration materials at the 4 measurement locations. Differences in gap size between restoration materials were corrected for, and amalgam was used as the reference material.
Results
From the 60 specimens, 2 specimens (n = 1 AP-X-SE; and n = 1 Silorane) were discarded because of fracture of the enamel-dentin block of the polystyrene bar. One specimen (n = 1, Silorane + system adhesive) could not be measured as accidentally no baseline T-WIM picture was made. From one specimen (n = 1, amalgam), only the LD and ML of the dentin locations could be analyzed because of insufficient enamel thickness.
Visual assessment of the T-WIM pictures, of which typical examples are shown in Figure 2 , showed that surface lesions and wall lesions developed in all groups.
The mean gap sizes, as measured on the microradiographs for the different restoration materials, are amalgam = 305 µm (SD = 79 µm); AP-X = 329 µm (SD = 61 µm); AP-X + SE = 384 µm (SD = 80 µm); AP-X + PB = 358 µm (SD = 44 µm); Silorane = 373 µm (SD = 33 µm); and Silorane + adhesive system = 388 µm (SD = 61 µm). The overall range of the gap sizes was 213-578 µm. There were no significant differences in gap size among the different groups.
In Figure 3 , the mean values of LD and ML of each material at the 4 different locations are shown in a bar chart. AP-X + PB shows the lowest LD and ML at all 4 locations, except for location Wall Dentin2, where the LD of AP-X is the lowest. In general, lesion depth was higher in dentin than in enamel at wall locations.
The Table shows the estimated effect of the various restorative materials on LD and ML increment at the 4 locations after multiple linear regression analysis. Amalgam was used as the reference material for analysis. A statistically significant effect of AP-X-composite with Protect Bond was found for LD and ML at the Wall Dentin1 location, leading to less advanced wall lesions. The effect of the gap size on lesion progression was statistically significant at the Wall Dentin1 and Wall Dentin2 locations with effects of 0.24 and 0.30 for LD, respectively, resulting in an extra 24 or 30 µm of lesion depth for every 100-µm increase in gap size.
Discussion
In this short-term in vitro biofilm study, we found that adhesives might influence secondary caries formation in gaps. In comparison with amalgam, AP-X composite with a layer of Protect Bond showed significantly less caries development in dentin. The other restoration materials and adhesives did not differ significantly from amalgam in caries development. These findings are similar to the findings of the in situ study of van de Sande et al. (2014) , which also showed a decrease in caries development next to AP-X composite with Protect Bond. In the study of van de Sande et al., however, only surface lesions (in dentin) were analyzed, in contrast to this study where both surface (enamel) and wall lesions (enamel + dentin) were analyzed. If we compare the LD and ML of the surface lesions of both studies, a similar pattern was seen between all the restoration materials and adhesives of the 2 studies. In both studies, AP-X + PB showed the lowest caries development, followed by Silorane + adhesive, then AP-X + SE, and finally amalgam.
Because we also analyzed caries lesion progression next to AP-X composite without Protect Bond and we did not observe a significant difference in LD or ML, we can conclude that the anticaries properties come from Protect Bond. Protect Bond is known to contain a bacterial inhibitor, the monomer MDPB. MDPB is a quaternary ammonium compound that is known to have antibacterial effects due to cationic binding to cell wall components, which disturbs the membrane function and subsequently induces leakage of cytoplasmic material (Scheie 1989) . Protect Bond incorporated MDPB in the primer and exhibited bactericidal effects by the similar mechanism as described above in unpolymerized form. In our study, Protect Bond was cured, as described by the manufacturer's instructions, and during the curing process it is estimated that the degree of cure of dentin bonding components is about 70% (Imazato et al. 1997) . So, probably, most of the bactericidal effect comes from the residual portion of uncured MDPB. In this study, Protect Bond might have shown a positive anticaries effect because this study lasted only a short period of 3 weeks. The potential antimicrobial effect from MDPB is likely to get diluted quickly under clinical conditions. Amalgam, however, had a disadvantage in anticaries effects in this present study because corrosive products, which are believed to contribute to the cariostatic properties, do not form in a 3-week period. For these reasons, future research should evaluate the long-term anticaries effect of aged restorative materials in a clinical setting.
In this study, there were some issues in making the samples. From previous experience, we knew that intentional gaps might end up around 60 µm larger than intended. Gaps in this study were on average 150 µm larger than intended, probably because dentin-enamel blocks and restoration material blocks were made separately from each other and then fixed together onto a polystyrene bar. We also observed some pooling of the primer-bonding agent at the bottom of the mold, which can be seen in Figure 2 on the surface of the restoration block. Because we wanted to simulate the clinical situation, we applied primer and bonding agent in the whole mold (like in a box), after which this mold was filled with the restoration material. Pooling is a phenomenon also seen in clinical situations, especially at box preparation angles (Pamir et al. 2010) . We would like to emphasize that there was also primer and bonding agent present at the wall sides.
A secondary finding of this study was that at the dentin wall locations, a significant gap size effect was present. In a previous in situ study (Kuper et al. 2014 ), we could not observe any clear trend for increasing lesion progression with wider gaps. Gap sizes of 50, 100, 200, and 400 µm were compared in the in situ study, and only the 50-µm gap group showed a slight indication (not significant) of reduced lesion depth. Extrapolating the results of the present study, we would have expected a difference in lesion depth in the Kuper 2014 study between the 200-µm and 400-µm gap group of about 48 to 60 µm, a difference that would have been statistically significant. We explain these differences in findings by the patient factor present in the in situ study, which was not present in the in vitro study. We assume that, clinically, the caries susceptibility of the patient may override the effect of gap size on secondary caries development.
In this study, we chose to use the saliva of only one person as the inoculum, because this saliva was used in previous studies and we knew that it reproducibly induced caries. This means, however, that there was no interpersonal variation in the saliva composition. Therefore, the anticaries effect of Protect Bond shown in this in vitro study should also be studied in clinical studies because the caries susceptibility factors of the patient may also modify the effect of Protect Bond.
Enamel-dentin samples were used in this study. It was observed that just beneath the enamel, the caries wall lesion was deepest. We hypothesize that this is due to the effect that when dentin and enamel are demineralizing in close proximity, the dentin, which is more soluble, provides the surrounding fluid with dissolution products, which reduces the dissolution of the enamel by raising the saturation level (Lynch and Ten Cate 2006) . Lateral spread of caries lesions underneath enamel due to structural differences of the tissues was shown to be an unlikely explanation (Ekstrand et al. 1998 ).
In conclusion, within the limitations of the present study, adhesives can influence wall lesion development in gaps. In this biofilm model, amalgam did not show reduced secondary caries progression in dentin compared with composite materials. Also, there was no significant difference for caries development among different composite materials. AP-X composite with Protect Bond, however, showed significantly less caries progression compared with bare restoration materials or other adhesives in this short-term in vitro biofilm model. 
